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Abstract—A functional power flow control for an optimized
energy management system (OEMS), enabling the peak shaving
in an autonomous microgrid, supported by a hybrid energy
storage (HESS) is the matter of this paper. The microgrid
configuration features two diesel generators, photovoltaic panels,
lead acid batteries and supercapacitors. The OEMS directs the
power flow to minimize emissions, while extending the life of
the batteries. Modelling and simulations are presented together
with the optimization analysis which determines the best environ-
mental and economic outcomes for the microgrid management
in standalone mode. The application is thought for isolated small
communities (i.e. on mountains, islands or isolated locations) or
small resorts/hotels.
Keywords—Microgrid, Battery lifetime, Supercapacitor, Opti-
mization, Controller
I. INTRODUCTION
Microgrid technology is one of the most researched so-
lutions to support renewable energy sources and to ensure
energy security. Energy management systems (EMS) have been
recently explored ( [1]–[7]) to enable microgrid operation
when several distributed energy resources (DERs) are present
in a power system. EMS include power electronics to interface
DERs, sophisticated controllers to ensure that critical loads
are serviced at all times [6] [7] and also to realize Demand
Response programmes as in [8]. The novel contribution of
this paper includes two connected topics: we demonstrate
how to design an optimized EMS (OEMS) to control the
power flow when a hybrid energy storage system (HESS),
including batteries and supercapacitors (SCs), is added to a
previously explored architecture [7] and we show how the
new architecture extends the lifetime of the battery, thus
improving the cashflow. The target application is an isolated
rural community such as hotel, small resorts or even small
ship power systems, where grid power is not available. While
several papers have been recently published on the similar
topic of HESS in microgrids, previous researcher [9]–[16]
have used different control architectures than the one proposed
in this paper. Furthermore, the battery lifetimes, with and
without the SCs, has never been compared by the means of
the procedure here reported.
II. MICROGRID SET UP AND HESS CONTROL SYSTEM
The EMS circuit schematics in Figure 1 include five
inverter legs, PV panels, a battery pack and supercapacitors
(SCs). Two inverter legs make an H-bridge inverter which
interfaces the DC bus to the AC bus where the loads and
diesel generators are connected [4] [6]. The other three legs
are used to interface the DERs to the common DC bus with
bidirectional power flow for energy storage and unidirectional
power flow for the PV source. All controllers for the OEMS
are embedded into a field programmable gate array (FPGA),
including voltage, current controllers and on/off switches. The
OEMS ensures that critical loads are always serviced and
that fuel consumption is minimized. The new contribution of
this paper, compared to previous EMS research [6], [7] is
the addition of the SCs with the goal to increase the battery
lifetime. As shown in Figure 1, the SC bus is connected to
the DC bus through a bidirectional buck-boost converter. The
DC bus voltage is controlled, as shown in Figure 2 , by a
system which includes a proportional integral (PI) controller,
a lowpass filter and a bandpass filter. The lowpass filter
commands the battery current to be absent of higher frequency
content. When the low frequency content is subtracted from the
current commanded by the PI controller then the resulting high
frequency content is commanded from the SC. Therefore the
lowpass filters coefficient α is selected to reduce the stress on
the batteries, given the microgrids power consumption profile.
In particular, the smaller α, the larger the amount of energy
drawn from the SCs. As more energy is supplied by the SCs,
the battery lifetime increases, as discussed in the following
sections.
III. THE METHODOLOGY
In a previous work [7], the reference dotted profile, here in
per unit, of Figure 3, was linearized after a heuristic analysis
and a similar configuration of Figure 1 was used, but without
SCs.
Such simplification, leading to a linear power demand
(in solid line) was successfully used for the formulation of
the optimized secondary control law, thus minimizing the
fuel consumption. It must be noted that transients in power
consumption of critical and non-critical loads, clearly visible in
the dotted profile, are neglected in the linearized one, although
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Fig. 1. OEMS architecture and its connection to a standalone microgrid with















Fig. 2. DC bus control system
it happens that some spikes have the same order of magnitude
as the base load (see solid line between ≈ 5-8am and 7-
8pm). In microgrids, featuring power consumptions below a
few tens of kW, this is not unusual and it leads to more stress
on batteries. The coexistence of SCs along with batteries is
paramount to increase the battery lifetime because the SCs
can support either the spikes in power requirements but also
peculiar occurances of the batteries that may happen when the
load is too low, also for the smaller generator. In the following
the procedure to (i) optimize the management of the sources
(and guarantee the minimization of emissions) and (ii) account
for the lifetime extension of the batteries will be reported.
A. The optimization formulation
Our scope is to provide a simplified, though accurate,
model of the energy system to be optimized by a robust
algorithm. In literature, examples of such applications are
numerous, nonetheless no technique is identified by being
the best (no “one fits all strategy” is convenient). All of
them show some peculiarities according to the scope of the
problem: in our opinion one of the most valuable feature
of optimization technique, mainly when various modelling
and controlling technique have to match, is the possibility to
formulate a problem, able to provide a robust and fast solution
for the power electronics, which has to realize the strategy
operatively. This is the reason why we chose to address our
formulation towards the mixed integer linear programming
(MILP), which is currently solved by the Matlab toolbox,
recalling the intlinprog function. Such technique is mainly
used to long term linear programming energy models such
as Markal/Times and Osemosys, just to cite a few [17] [18],
which shows its functionalities for deducting secondary control
law to operate microgrids. Under such standpoint, we focus
Fig. 3. Load power consumption profile in p.u. of a remote microgrid, real
(dotted) vs. linearized (solid)
on a convergent target which for long term planning in energy
systems is the emission reduction (i.e. (CO2 or NOx) and that
for power electronics is having rules for the optimal controll
of power systems’ devices. Here, we want to minimize the
emissions (E of Eq. 1), thus the fossil fuel consumptions, under
a few constraints. To assess Eq. 1, each fossil fuel will be
related with its own emission factor (i.e. 3.142 kg CO2/kg
fuel oil; 3.155 kg CO2/kg diesel).
In Table I the formulation of the problem with its vari-
ables, constraints and parameters is reported, in order to be
implemented with the mentioned Matlab toolbox.






mi · xi,j + qi when yi,j = 1
0 when yi,j = 0
[kg/day]
(1)
We have to establish the amount of active power which
every DERs has to provide to the grid , under the main
functional constraints such as (i) the balance between supply,
storage and demand (Eq. 1.6) , (ii) by defining an equivalent
state of charge (SoC) of the HESS, seen as an unique entity
(Eq. 1.5, 1.7, 1.8), (iii) limiting the running of the diesel
generators within a circumscribed area (Eq. 1.2a, 1.2b, 1.4) (iv)
imposing more stringent limits to the charging and discharging
capability of the HESS and available maximum power (Eq.
1.2c, 1.3, 1.9).
We need to define a suitable time step to model the spikes
(i.e. minutes), the time horizon (i.e. a typical day), the decision
variables, which are the load factors of the diesel generators,
being them the major source of pollution, and finally also the
binary variables able to manage their on/off status.
From technical datasheet of diesel manufacturers we can
draw the relationship between the used fossil fuel (i.e. diesel,
fuel oil in gal/h) and the output power (kW). A different
emission factor will then be associated to each fuel.
In Figure 4 data coming from different size of gensets
(below 25 kVA) for two manufacturers are reported from
a load factor of 25% upwards. We can identify almost a
linear relationship between the output active power and the
consumption, thus between the load factor of the prime mover
and its consumption and this feature particularly fits to the
Fig. 4. Elaboration from technical datasheet of Cummins and Kohler gensets.
MILP modeling. Our scope is thus to minimize emission while
bringing back the SoC of the storage system to its initial value,
at the end -for instance- of the day (see Eq. 1.8).
Once all variables and functions are acquired, we have
thus assessed the overall minimum emission footprint of the
microgrid and we can provide the secondary control law both
for the generators and for the storage systems, seen as a whole
with no distintion between how much power should come
from batteries and how much from SCs. Nonetheless, the
optimized procedure ensures that by controlling our sources
in accordance with the obtained information we can reach the
best of the energy (consumption) and environmental (emission)
impact. Furthermore, for each j−step we obtain the estimation
of the SoC. We now combine the results of the optimization
(secondary control law) with a much more dynamic control
law, which manages both the HESS, made up of a battery
pack and supercapacitors, and the generators. If the HESS is
made up by a composition of batteries and supercapacitors
of the same size, then the SoC, calculated above, represents
the average state of charge of the storage system, but we can
not use such information to assess the life expectation of the
battery, depending on cycling and on depth of discharge (DoD),
of the battery only. The proposed HESS controller can now
receive information on the Phess. and manage the currents
between the battery and the SCs (see details in Section IV-A).
B. How to account for the life expectancy
The step above is needed to assess how much current will
come/arrive from the batteries, hence allowing the assessment
of the battery SoC (according to Eq. 1.7) while considering
the new current values in Phess = Pbatt.
Once the battery SoC is known, we can apply the Rain-
flow counting algorithm [19], which provides information on
amplitude, related to the DoD, and frequency related with the
number of the cycles of the same amplitude, on the investigated
time horizon. From manufacturers datasheets an equivalent
fitting curve, reporting Cycle to Failure (CF) vs. DoD like
the one in Figure 5, can be parametrized.
The life expectancy of the battery is related to the Cycle
to Failure (CF), as 1/CF represents the life fraction. We can







where m is the number of different DoDi, occuring in the
typical day, Ni is the frequency associated with the i−th DoD
and CFi is the corresponding maximum number of cycles. For
Fig. 5. Fitting curve representing Cycles to Failure (CF) vs. Depth of
discharge (DOD) for the sealed rechargable lead-acid batteries Genesis NP12-
12 (from technical datasheet [20]).
a fully functional battery, D has to be less than 1. When D=1,
the battery can be considered dead, so D is the inverse of the
lifetime. Its unit measure depends on how the number of cycles
Ni is counted: if Ni are in days
−1, then the lifetime of the
battery (inverse of D) is counted in days, that we can also call
days to failure (DF).
Here is an example to illustrate the procedure, by refer-
ring to Figure 5: if, in a typical day, a battery experiences
100 cycles, where DoD (the amplitude of the equivalent
charge/discharge cycle) is equal to 0.5 then that battery can
ideally survive for up to 5 equivalent days, before being
considered dead. In fact, CF @ DoD= 0.5 is 500, hence the
lifetime in days is 500(=CF)/100(=N), also equal to 1/D.
Now, we have a tool, useful for economic assessments. A
simple one can be performed by the means of the cashflow
evaluation, for instance with respect to a situation with no
batteries. In such case:
G(size, SCs) =
−Inv(size) +DF (size, SCs) · Cfuel ·Δfuel(size) (3)
where G the Gain is the cash flow in the same monetarian
unit measure of Inv, Inv is the investment (for instance $ or
Euro), DF the days to failure of the batteries (depending on the
size of the battery and on SCs (on/off)), Cfuel is the specific
fuel cost (for instance $ /gal) and Δfuel is the daily saving
of fuel due to the presence of the storage instead of just the
two gensets. The higher the DF, the higher the Gain before a
new investiment on batteries shall be scheduled.
IV. THE CASE STUDY: RESULTS AND COMMENTS
The illustrated model and procedure is applied to the case
study of Figure 3 where P=9kW= 1 p.u. and the spikes reach
almost 13kW . The time scale is one typical day, the time step
j = 2 minutes and PV peak is 3kW .
Three cases have been investigated: Case #1, when only the
ideal load is considered, as the one studied in [7]), Case #2
when real load is considered at the same conditions as case #1
and Case #3 with real load, SCs and battery SoCmin limited
to 50%.
In Table II the input data are reported, while in Table III
the summary of the main results in terms of reduction of
daily cycles, extension of the life expectancy and effect on
consumption/emissions are reported, along with the percentage
TABLE I. LIST OF VARIABLES AND CONSTRAINTS DESCRIBING THE MILP PROBLEM CONDITIONS (AT TIME j . IF j IS 2’, THEN J=720).
variable Description of var./param. Equations # unit
/parameter and/or Eq.
xi,j dominion of decision variables x
m
i ≤ xi,j ≤ xMaxi or xi,j = 0 (1.2a) p.u
yi,j binary decision var. (1.2b)
SoC0 decision variable SoCmin ≤ SoC1 ≤ SoCmax (1.2c) p.u.
LFhess,j HESS load factor dominion −1 ≤ LFhess,j =
Ph,j
Phess
≤ 1 (1.3) p.u.




T, ASEhess time of discharge at rated Phess ASEhess=Phess · T (1.5) kWh





i xi,j · Pi,r (1.6) kW
+LFhess,j · Phess + (PPV,j)=Lj




continuity constraint SoCJ = SoC1 (1.8) p.u.
SoCmin ≤ SoCj ≤ SoCMax (1.9) p.u.
TABLE II. INPUT DATA FOR THE THREE CASES (J = 2 MINUTES), PV =
3kW .
Case # 1 Case # 2 Case # 3
SOC min-max 0.2-1 0.2-1 0.5-1 p.u
SoC(t=1)=SoC(t=end of the day)
Pbatt max / PVpeak 3 3 3 kW
T 6 6 6 hours
MIN & MAX
(x1, x2)
0.25-1 0.25-1 0.25-1 p.u.
ASE 18 18 18 kWh
Pn1, Pn2 5-15 5-15 5-15 kW
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TABLE III. RESULTS FOR THE 3 CASES AND PERCENTAGE









% 0.65 0.3 NS NS
Cycles # 18 51 13 -50.98%
Lifetime days 331 122 215 85.25%
Emissions kg CO2/day 56.08 55.98 45.99
Consumption gal/day 5.67 5.66 4.65 0.18%
improvements between case #3 (with SCs and SoCmin=0.5)
and case #2 (no SCs and SoCmin=0.2).
In Figure 6 and 7 the results for the Case #1 are reported:
here the most challenging time of the day in terms of cycling
is when the load is low with respect to the smallest genset
(5kW ): at the beginning and at the end of the day.
The resulting cycles and their depth of discharge cause a
life expectancy of 215 days. This is the reference case when
load is a perfect piecewise linear function.
Case #2, on the contrary, represents how things change
for the battery (but also for the gensets), in terms of cycling,
when a more challenging profile must be supplied. In Figure
8 the rules for controlling the various supply sources can be
drawn, as well as consumptions. In Figure 9 an enlargement of
the first 18 cycles (out of 51) is reported: the high frequency
of charging/discharging cycles worsens the life expectancy As

















































































































































Fig. 6. Case #1: Power profile and consumption for the optimized procedure
(linear load, SoCmin=0.2)
dynamics of the system changes vs. Case #1: for instance emis-
sions increase by 21.72% (from 45.99 to 55.98 kg CO2/day)
and life expectancy decreases to 122 days . This case has been
reported because it will represent the baseline against which
the next configuration (Case #3), with SCs, is compared. The
comparison against Case #1 is performed because it explains
how far we can go from an ideal situation.
The results for Case #3 (where the whole procedure of
Section III is applied, that is the SCs are controlled to take the
stress out of the batteries and this further prevents the SoC to
go below 0.5) are illustrated from Figure 10 to 12. From Figure
10 we can note that the power profile of the storage shows a
smaller number of charging/discharging cycles if compared to
those of Figure 8, despite of the consumptions are roughly
the same. The HESS controller, in the plots of Figures 13,
determines the battery power profile and SoC of Figure 11,
which consequently produce the output of the Rainflow cycles
of Figure 12, with a total of just 18 cycles (51 for Case #2). The
life expectancy of the battery, 331 days, is thus less affected
and this provides much better results not only than Case #2,
but also than Case #1, as reported in Table III.
The optimization problem, where 2 gensets are used (5kW
and 15kW ) and time step of 2 minutes, needs 2841 decision
variables to be solved and less than 2 minutes to run on a 2.7
GHz Core i7 PC, 16 GB memory.
The detailed case study shows features which are similar
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Fig. 8. Case #2: Power profile and consumption for the optimized procedure
(real load, SoCmin=0.2)
to those of microgrids providing electricity to isolated com-
munities in remote areas, resorts, hotels, small ships ... and
which can experience short term power requirement that can
be in the same range as those of the base load.
A. Functionality of the proposed HESS controller
A Matlab/Simulink model of the EMS shown in Figure 1
was developed to demonstrate the functionality of the HESS
control system. The switching behavior of the power converters
was omitted in order to simulate a 24-hour load profile in a
few seconds. The goal of the HESS controller is to remove
the high frequency current from the battery and use the SCs
instead. Using the data of Figure 10 as the input for the EMS
model, the simulated currents in Figure 13 ((a), (b) and (c)) is
obtained when the HESS controller is off (a) and on (b) and
(c) (the current in the SCs is zero when it is off) . The battery
current in Figure 13 (a) is obtained, without the SCs, showing
several spikes all through the 24 hourse. In contrast, Figure
13 (b) and (c) show the battery and SCs currents for Case
#3, when the proposed HESS controller is used to divert the
high frequency current from the battery to the SCs. A smoother
battery current indicates reduced stress on the battery, resulting
in increased lifetime. The simulations shown in Figure 13 was
obtained with the lowpass filter coefficient α=0.001. A smaller
α will result in even smoother battery current. The SCs need
to be larger as α gets smaller.
V. CONCLUSION
This paper presents a procedure to make the most out of a
novel HESS controller, which, by controlling the currents be-
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Fig. 9. Case #2: Enlargement of the rainflow for the first 18 cycles out of a














































































Fig. 10. Case #3: Power profile and consumption for the optimized procedure
(real load, SoCmin=0.5). Resolution 2 min
tween batteries and SCs with a buck-boost converter, increases
the battery lifetime.
The case study deals with the optimal management of a
dynamic load profile and the role of SCs is both investigated
on Case #3 vs. Case #2, but results are also compared to
those of a previous work, where an ideal spikeless profile was
used. The SCs are sized to take the stress of the load power
transients from the battery pack, so that the batteries only face
a more suitable load profile and they can perform with better
cycles. The results demonstrate the ability of the proposed
HESS control system to address the inrush current on SCs
first, hence having the batteries to face a smoother-more ideal-
profile. The proposed strategy focuses both on the ability of
the control system to limit the battery depth of discharge, but
also to the procedure which allows to minimize emissions, thus
consumption of the two gensets and concurrently to account
for the evaluation of the improvement in the life expectancy
(and economics).
Further work will validate the simulation results with the
experimental tests.
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